This paper reviews the development of molecular tips for scanning tunneling microscopy (STM). Molecular tips offer many advantages: first is their ability to perform chemically selective imaging because of chemical interactions between the sample and the molecular tip, thus improving a major drawback of conventional STM. Rational design of the molecular tip allows sophisticated chemical recognition; e.g., chiral recognition and selective visualization of atomic defects in carbon nanotubes. Another advantage is that they provide a unique method to quantify electron transfer between single molecules. Understanding such electron transfer is mandatory for the realization of molecular electronics.
Introduction
Growing interest and rapid advances in nanoscience and nanotechnology have made it necessary to develop analytical methodologies to understand the analyte structures and properties at atomic scales. Scanning tunneling microscopy (STM) is one of the most widely employed tools that can meet such requirements. STM permits structural analyses of metal and semiconductor surfaces with atomic precision. Moreover, one can directly visualize intramolecular structures of organic adsorbate molecules and their assembly patterns on the conducting substrates with STM. 1 STM as well as atomic force microscopy have been frequently utilized to investigate a biological specimen on a solid surface. [2] [3] [4] [5] In addition to these structural analyses, much effort has recently been devoted to investigating electron transport through a single molecule using STM. These studies have been motivated by increasing interest in molecular electronics, which utilizes an individual molecule or a small group of molecules as an electronic component to perform certain functions. A large number of molecules with unique electronic functions, e.g., wires, 6, 7 diodes, [8] [9] [10] switches, 11, 12 and transistors, 13, 14 have been reported. 15 We have developed molecular tips for STM. 16, 17 The molecular tips are prepared by chemical modifications of the underlying metal tips, typically with a self-assembled monolayer (SAM) of thiols; the outermost single adsorbate probes electron tunneling to or from a sample molecule as an STM tip (Fig. 1) . The first advantage of the molecular tip is its ability to perform chemically selective imaging, thus overcoming a major drawback of E-mail: t-nishino@21c.osakafu-u.ac.jp 2 Single-molecule Recognition
2·1 Discrimination of chemical species
Although STM has provided numerous novel insights into structural and electronic properties of solid surfaces, it has some drawbacks. A major drawback of STM is the lack of chemical selectivity; it is often difficult to discriminate different atoms or molecules in the STM images. To overcome this, we have developed molecular tips to endow STM with chemical selectivity. Figure 2 illustrates STM images of cobalt(II) porphyrin (CoPor) adsorbed on a graphite surface as an example of chemically selective imaging achieved by molecular tips. When a conventional metal tip was used, the central cobalt ion was predominantly observed as a bright protrusion, owing to electron tunneling mediated by the d orbital of the metal ion ( Fig. 2(a) ). On the other hand, the pyrrole group around the cobalt ion was selectively observed as a donut-shaped protrusion ( Fig. 2(b) ) using a fullerene molecular tip ( Fig. 1(b), left) . This change in the image contrast was ascribed to the charge-transfer interaction between the fullerene moiety of the molecular tip and the pyrrole moiety of CoPor. The charge-transfer interaction facilitates electron tunneling locally at the pyrrole moiety. Therefore, it was concluded that electron tunneling through charge-transfer interactions can spatially visualize the frontier orbitals involved in the interactions. 9 In addition to the charge-transfer interaction, hydrogen-bond and coordination-bond interactions between the sample and the tip molecules can be used to achieve chemically selective imaging.
Hydroxyl [19] [20] [21] and carboxyl groups, 19, 20 ether oxygen, [22] [23] [24] and carboxylate moiety 21 can be selectively observed with molecular tips. Coordination bond interaction leads to the selective observation of metal ions. 25 Thorough reviews about the fundamental aspects of chemically selective imaging by molecular tips have been published elsewhere. 16, 17 The chemical selectivity of STM with molecular tips arises from chemical interactions. Therefore, controlling the chemical interactions of molecular tips with analytes by elaborately designing the chemical structure of the tip molecule leads to sophisticated chemical recognition at the single-molecule level, which is described in the following sections.
2·2 Chiral recognition of a single molecule
Chiral surfaces play a vital role in various scientific fields, such as chiral separation and heterogeneous enantioselective catalysis. Exploring such two-dimensional chirality has been hampered by a lack of methodologies that recognize molecular chirality at an interface. We have shown for the first time that chiral molecular tips enable the discrimination of enantiomers on a single-molecule basis. In order to realize chiral selective imaging, there should be stereoselective interactions between the molecular tip and the chiral analyte. We designed chiral molecular tips ( Fig. 3(a) ) based on the structure of molecules (chiral selectors) used to obtain the chiral stationary phase (CSP, Fig. 3(b) ) in highperformance liquid chromatography. 27, 28 CSP can achieve chiral separation for numerous types of chiral molecules because of a set of stereoselective interactions formed preferentially between the CSP and one of the enantiomers. Because of the structural similarity, the chiral molecular tips enable stereoselective observation analogous to CSP. Indeed, the observation of cysteine monolayers proved the stereoselectivity of the chiral molecular tips. Figure 4 shows STM images of D-and L-cysteine monolayers observed using (S)-chiral molecular tips ( Fig. 3(a) , right). The images exhibit closely packed arrays of cysteine molecules adsorbed on the surface. This adlayer structure agrees well with that observed with a metal STM tip, 29 demonstrating that chiral molecular tips can reveal the adsorbed structures at the molecular level. The most important observation is the extent of electron tunneling between the chiral molecular tips and the cysteine enantiomers. 
2·3 Visualization of atomic defects in carbon nanotubes
Carbon nanotubes (CNTs) exhibit a rich variety of intriguing electronic properties, and many potentially important applications have been demonstrated. 30 Atomic-scale defects are present in CNTs, e.g., pentagon-heptagon defects in the otherwise perfect hexagonal carbon network. 31 Such defect sites significantly affect the electronic properties of CNTs. Despite this effect, only limited techniques are available so far for detecting defects at the atomic scale. [32] [33] [34] By STM using conventional metal tips, one can determine the atomic structure of single-walled carbon nanotubes (SWNTs), 35 but can hardly detect the defects ( Fig. 5(a) ).
To gain chemical selectivity to the CNT defects, we designed a molecular tip according to a physical phenomenon called chemical gating, which refers to the modulated electrical properties of nanotubes upon the adsorption of electron-donating or electron-accepting molecules. 36, 37 This effect stems from the charge-transfer interaction between the adsorbed molecule and CNT. Furthermore, charge transfer has been found to occur when the electron-donating adsorbate binds to a defect site in SWNTs. 38, 39 Therefore, we employed 4-aminothiophenol (4ATP; Fig. 1(b) , middle) as a tip molecule for STM observations of SWNTs. The 4ATP molecule is a thiolated derivative of aniline, which has been known to chemically interact with CNTs through charge transfer. 40 Figure 5(b) shows an STM image of an SWNT taken with the 4ATP molecular tip. The atomic defect can be clearly imaged as a brighter protrusion (arrow) than protrusion for the periodically arranged carbon atoms. Analogous to chemical gating, the selective observation of defects is ascribed to the facilitation of electron tunneling through the charge-transfer interactions between the 4ATP molecular tip and an SWNT. 41 
Quantification of Electron Transfer between
Single Molecules 3·1 Measurement of electron transport through a single molecule Section 2 described the chemically selective imaging at the single-molecule level using molecular tips. The chemical selectivity arises from the facilitated electron tunneling caused by chemical interactions between the sample and the tip molecules. Such electron tunneling has recently attracted much attention, primarily because of the growing interest in molecular electronics. We found that molecular tips provide a unique method to investigate the fundamental aspects of electron transfer taking place between single molecules.
In molecular electronics, individual molecules or a small group of molecules are utilized as electronic components, such as wires, 6,7 diodes, [8] [9] [10] switches, 11, 12 and transistors, 13, 14 to perform certain electronic functions. 15 Therefore, the most fundamental question in this field is what is the electronic conductance of a junction composed of a single (or a few) molecule(s). Nearly a decade ago, the measurements of the current flow, or conductance, through a single molecule were very difficult. Even for a simple 1,8-octanedithiol molecule, the reported value of the conductance of the single-molecule junction varied by over five orders of magnitude. 42 However, enormous advances have since been made in the development of analytical methodologies to detect electron transport. Consequently, single-molecule conductance values of a given sample are now largely consistent in measurements replicated by different research groups, and meet reasonable agreement with the theoretically predicted values. 43 One of the reliable methodologies for measuring single-molecule conductance is the STM-based break-junction technique. The measuring process of this technique can be divided into three steps: (i) The STM tip is intentionally crashed onto the surface of the metal substrate on which analyte molecules are adsorbed (Fig. 6(a) ).
(ii) The tip is pulled away from the substrate, forming and eventually breaking the atomic wire between the tip and the substrate (Fig. 6(b) ). (iii) The sample molecule on the substrate is, on some occasions, trapped within the broken wire (Fig. 6(c) ), and electron transport through the molecule can be detected as a stepwise decrease, called "plateau", in current ( Fig. 6(d) ). The complete process is repeated until a large number of molecular junctions are created and measured.
3·2 Electron transfer between single molecules through
hydrogen-bond interaction Functional nanoelectronic devices can be realized using the controlled organization obtained via self-assembly processes of functional molecules by non-covalent interactions. 44 Thus, these chemical interactions should provide not only structural robustness to the molecular assemblies, but also a suitable electrical connection between the constituent molecules. Based on this prerequisite, the next challenge is to measure electron transfer between the non-covalently interacting single molecules. However, rather little is known about the electron transfer properties through the non-covalent interactions at the singlemolecule interface. [45] [46] [47] [48] [49] In order to overcome this hurdle, we used molecular tips to provide a unique method to explore electron transfer between single molecules.
The first demonstration in this regard is the quantification of such electron transfer through hydrogen-bond interactions (Fig. 7) . 50 The STM tips were modified with SAMs of ω-carboxyl alkanethiols (HS(CH2)nCOOH, CnCOOH; Fig. 1(b) , right for n = 2) to prepare the molecular tips, and a gold substrate was modified with CnCOOH. The molecular tip was brought into the proximity of the sample surface, but never in contact. This procedure was achieved by employing suitable experimental parameters, e.g., high set-point current, under the STM feedback control. The molecular tips were then pulled up, and the tunneling current was recorded as a function of the tip displacement. Figure 8(a) illustrates representative currentdisplacement (I-z) curves measured using the C2COOH tip and C2COOH-covered surface. In addition to smooth exponential decay because of electron tunneling, the I-z curves showed clear steps or plateaus in which the current remained constant despite the increase in the tip displacement over the sample surface. These plateaus appeared because electron transfer takes place through hydrogen-bond interactions between the C2COOH molecules on the tip and the C2COOH-covered sample surface.
A current histogram was constructed using the current value of each data point in the I-z curves in Fig. 8(b) (black, "C 2-C2 "), which also shows current histograms for measurements using the C2COOH tip and C1COOH-covered surface (gray, "C 2-C1 "), and the C2COOH tip and C3COOH-covered surface (gray, "C 2-C3 ", see also Inset). The plateaus in the I-z plots resulted in the appearance of a peak in the histogram, because the plateaus contain a large number of data points having approximately the same current value. Therefore, the current at the peak position in Fig. 8(b) is the statistically most probable value of the plateau currents in the I-z curves, and the conductance of the hydrogen bonded C2COOH dimer was calculated to be 1.4 nS on the basis of the peak current. This result was compared with the singlemolecule conductance of octanedithiol (HS(CH2)8SH, hereafter abbreviated as C8DT). The length of the hydrogen bonded C2COOH dimer is almost the same (1.21 nm between the terminal sulfur atoms) as that of C8DT (1.19 nm), thus allowing a direct comparison. The conductance of the C8DT molecular junction was determined to be 0.99 nS using a conventional STM-based break-junction technique; this value agrees well with literature.
51 Surprisingly, the conductance of the hydrogen bonded C2COOH dimer (1.5 nS) was higher than that of C8DT (0.99 nS). The first-principle calculations were carried out to qualitatively examine the origin of the superior conductivity of the hydrogen bonded junctions. In particular, the projected density of states (PDOS) was used to investigate the electronic structures of the molecular junctions, which contain either the C2COOH dimer or a single C8DT molecule connected to Au electrodes at their terminals ( Fig. 9(a) ). The PDOS values in the central regions exhibit a significant difference. In the case of the C2COOH dimer junction, prominent peaks were found at approximately -2.1 eV in the PDOS on two carboxyl groups interacting with each other via a hydrogen bond (Fig. 9(b) , solid line). In contrast, these peaks are totally absent in the PDOS on the central four methylene groups of the C8DT junction ( Fig. 9(b) , broken line). Because valence band structures affect the tunneling current through molecular junctions, 52 we attribute the higher conductivity of the hydrogen bonded junctions to the occupied states at -2.1 eV.
3·3 Electron transfer in a single donor-acceptor molecular
assembly Supramolecular donor-acceptor dyads are attractive building Fig. 7 Schematic illustration of the measurement of electron transfer through hydrogen-bond interactions using molecular tip. Fig. 8 (a) Representative I-z plots measured using C2COOH tips over C2COOH-covered surfaces. Each plot is horizontally shifted for clarity. Bias voltage, 0.2 V; set-point current, 7.5 nA. (b) Current histograms constructed from I-z plots measured using C2COOH tips over Au substrates modified with C1COOH (gray, "C 2-C1 "), C2COOH (black, "C 2-C2 "), and C3COOH (gray, "C 2-C3 "). A highly sensitive preamplifier (0.1 nA/V) was used for measurements of the C3COOH-covered surface (inset). Larger currents could not be measured in this case.
blocks for molecular electronics, solar energy conversion, and catalytic and sensing applications. 53, 54 However, knowledge regarding electron transfer within the supramolecular donoracceptor dyads at the single-molecule level remains severely limited.
To investigate such charge-transfer events, we demonstrated the quantification of electron transfer in a single non-covalent porphyrin-fullerene dyad by utilizing an STM tip functionalized with fullerene (a C60 tip; Fig. 1(b) , left). Initially, the electron transfer between fullerene and porphyrin was measured using the C60 molecular tip and 5,10,15,20-tetraphenylporphynato cobalt (CoTPP) directly adsorbed on the Au(111) surface ( Fig. 10(a), left) . The C60 tip was brought into the close proximity to the CoTPP-modified surface, and then pulled up to measure I-z traces. The resulting I-z traces showed simple exponential decay, indicating that no molecular junction was formed. This result may be ascribed to insufficient electronic coupling between CoTPP and the Au(111) surface, because the sample CoTPP bears no functional groups, such as thiol groups, for chemisorption on the substrate. Linking groups, which couple the sample with the electrodes, are essential for these conductance measurements; they are currently the subject of extensive research. 56, 57 To avoid introducing linking groups into the sample porphyrin, we developed an alternative protocol for the electrical connection of the molecule with the electrode for the single-molecule conductance measurement, i.e., ligation-mediated coupling. The Au(111) substrate was initially modified with 4ATP via S-Au chemisorption; this 4ATP-modified substrate was then immersed in the CoTPP solution. These processes allow the immobilization of CoTPP on the Au surface through 4ATP by axial ligation, [58] [59] [60] with the consequent formation of the molecular assembly ( Fig. 10(a) , right). The current measurement involving this sample surface together with the C60 molecular tip led to the observation of plateaus in the I-z curves (Fig. 10(b) ), which indicates the successful detection of electron transfer between CoTPP and C60. A current histogram was constructed using the I-z plots, and two peaks were discerned (Fig. 10(c) ). Based primarily on the control experiments, the peak at the higher current (labeled "H Co ") was assigned to electron transfer from CoTPP ligated with 4ATP to the C60 tip, while another peak at the lower current ("LCo") was assigned to electron transfer from 4ATP without CoTPP to the C60 tip. Thus, it was concluded that the C60 tip allows the quantification of electron transfer in a single fullerene-porphyrin assembly linked via the chargetransfer interaction. We previously demonstrated the rectification property of a porphyrin-fullerene pair, 9 which renders the molecular assembly particularly attractive in molecular electronics. The I-z measurement using the C60 tip was successfully applied to the quantitative evaluation of the rectification for a single porphyrin-fullerene assembly. 55 
Conclusions
This review described the recent research involving the STM molecular tips. The molecular tips enable the selective visualization of chemical species based on chemical interactions between the sample and the tip molecules. Deliberate design of the tip molecule to control the chemical interactions leads to sophisticated single-molecule recognition. For example, rational design can be realized on the basis of supramolecular chemistry or mimicking the molecular recognition found in living systems. In addition to chemically selective imaging, the quantification of electron transfer between single molecules can be achieved using the molecular tips. Although electron transfer of this kind is essentially relevant to bottom-up molecular devices, quantitative knowledge on this topic is still limited. The molecular tip provides a unique method for investigating this important phenomenon to bring novel insight on processes such as hydrogen-bond-facilitated electron transfer.
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